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Abstract

At Lawrence Livermore National Laboratory the development of the TB
structural genomics consortium crystallization facility has paralleled several proteomics
research efforts that have grown out of expression micro-array and comparative genomics
studies. Collective experience gathered from TB consortium labs and other centers
involved in the NIH-NIGMS protein structure initiative allows us to explore possibilities
and challenges of pursuing structural genomics on an academic laboratory scale. We
discuss our procedures and protocols for genomic targeting approaches, primer design,
cloning, small scale expression screening, scale-up and purification, through to
automated crystallization screening and data collection. The procedures are carried out by
asmall group using combinations of traditional approaches, innovative molecular
biochemistry approaches, software automation, with a modest investment in robotic

equipment.

Introduction

The success of the genome sequencing projects demonstrates the feasibility and
utility of large scale, discovery driven biological research and has enabled many new
post-genomic research efforts at academic laboratory scale (Goulding and Perry, 2003),
aswell asin high throughput industrial research (Blundell et al., 2001, Goodwill et al.,
2001, Harris, 2001). By analogy, the NIGMS protein structure initiative (PSI) pilot
projects (Terwillger, 2000), while intended primarily to increase the coverage of the
protein fold space (Kim, 1988, Norvell and Zapp-Machalek, 2000), will enable as yet
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unforeseen research. An intended derivative benefit of the PSI isto create infrastructure
and drive innovation for increased capacity and decreased cost of structure determination.
It can be anticipated that the resulting technological innovation will resonate throughout
the structural biology community and beyond.

To date, structural genomics pilot project, PSI centers, international structural
genomics efforts, and commercial endeavors have generated significant advancements,
although the collective experience also reveals significant challenges ahead. Innovations
derived from structural genomics research over the last half decade have ranged from
rather simple changes that have significant impact, such as parallelization or
miniaturization, to engineering solutions for automation and process devel opment,
technological achievements, and some fundamentally different ways of conducting
research. A few examples of emergent technology that has impacted structural genomics
are newly commercialized approaches to cloning; new expression vectors for enhanced
solubility (Kapust and Waugh, 1999) and cleavage specificity (Fox et al., 2003,
Hammarstrom et a., 2002); research and development of in vitro transcription-translation
methods (Y okoyama, 2003); emerging methods that greatly simplify in vivo expression
and increase yields (Studier, unpublished results); microfluidic free interface
crystallization (Hansen et a., 2002); and variety of robotic instruments to automate
nearly all phases of the structural genomics pipeline. New data management and LIMS
systems are also being developed (Haebel et al., 2001, Harris and Jones, 2002), enabling
process automation and comprehensive data mining (L uft et al., 2003, Rupp, 2003b),
which will alow investigators to make much more rigorous and statistically sound

comparisons of methods than is possible today. Investigators will have a quantified
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statistical basis for choosing one system or method over another, whereas these choices

today are generally made on an empirical basis or smply by preference.

Discussion

Based on the collective experience gathered from TB consortium labs and others
centers involved in the NIGMS protein structure initiative (Terwillger, 2000), and at our
facility during the past 3 years, we have undertaken process engineering efforts towards
structural genomics to the laboratory scale. The primary aim at the TB structural
genomics consortium crystallization (TBSGX) facility was to develop affordable,
modular technology for high throughput crystallization (Rupp et al., 2002, Krupka et al.,
2002), and to increase our overall efficiency viaprocess analysis (Rupp, 2003a). Here we
discuss additional procedures, equipment, and infrastructure needed to carry out
structural genomics projects on alaboratory scale. Despite the small size of the TBSGX
group with only four full time employee equivaents, we are assembling a complete
structural genomics pipeline building from a standard molecular biology laboratory setup
with only modest investment into robotics. We hope that our experiences shared in this
paper could help othersin developing an efficient structural genomics effort on a modest

scae.

Targeting

Our philosophy of targeting in asmall structural genomics group isto achieve a
bal ance between ‘ conventional’ hypothesis driven targets and a discovery driven
component. Processing a sufficiently large number of targets in the pipelineis

particularly important as we adhere to a 2-tiered strategy of classifying the targets at each
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step into a promising subset and into aless likely category for success. Only the
promising targets are pursted in the first round with the standard set of protocols we use
in “high throughput’ mode. We therefore have to accept a certain level of attrition at each
step, and a sufficiently large set of carefully selected target genes is necessary. All of our
gene targets have been selected from microbial pathogens and most can be classified as
putative virulence factors, putative therapeutic drug targets, or proteins with no predicted
3-D fold.

For projects which are locally pursued from the beginning of the structural
genomics pipeline, targeting decisions are made either through collaboration with groups
carrying out expression microarray experimentsor comparative genomics (Y. pestis
targets). Consortium targets for M. tuberculosis (MTB) genes have been compiled
through literature search and personal interests (Schroeder et a., 2002, Huang et al.,
2002, Goulding and Perry, 2003, Goulding et al., 2002). Our own MTB target list
selection is based on a bioinformatics approach, which has been extensively used to
support structural genomics by selecting targets for high throughput structure
determination (Goh et a., 2003, Bertone et a., 2001, Knowles and Gromo, 2003) to
obtain optimally useful solved structures. A number of clustering approaches may be
used to select and prioritize targets for X-ray or NMR investigations
(http://www.structuralgenomics.org/) and for archiving structural knowledge on
experimental and predicted models of proteins (http://presage.berkeley.edu/).

An immense body of information about the protein content of the proteome of M.
tuberculosis became available with the completion of the genome sequence of the H37Rv

strain in 1998 (Cole et a., 1998).Genomic anaysis highlighted the importance of lipid
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metabolism in the life of the tubercle bacillus, as well as the existence of novel protein
families, PE and PPE, unique to mycobacteria (Tekaiaet al., 1999). To remain accurate
and relevant, the annotation of the genome sequence of Mycobacterium tuberculosisis
regularly updated using various informatic approaches (Camus et al., 2002) to generate
new coding sequences and classify these sequences into one of 11 functional classes
(Coleet al., 1998). Furthermore, comparisons may be made with other sequenced
genomes, including related mycobacteria such as M. leprae, M. avium and M. smegmatis,
and the clinical strain CDC1551 to understand better how polymorphisms may be
implicated in virulence (Fleishman et a., 2002, Alland et a., 2003).

We have used the newly annotated genome sequence (Camus et a., 2002) to
reexamine H37Rv coding sequences for similarities to other recently deposited or
previously overlooked sequences. Intraproteome comparisons are performed with
BLASTP (Altschul et al., 1990) or PSI-BLAST (Altschul et al., 1997), and molecular
properties are calculated with ProtParam (http://us.expasy.org). Functional insights are
obtained using the PROSITE (Falquet et al., 2002) and InterPro (Mulder et al., 2003)
databases. GenTHREADER, a sequence profile based fold recognition method (Jones,
1999, McGuffin and Jones, 2003) is also used to detect smilar folds for genomic
sequences or confirm absence of structural homology to known sequences. Annotations
are derived, verified or revised with results from surveys of most recent literature. Coding
sequences with significant E-values are then selected for structure determination based on
their potential as drug targets, if function can be inferred. Attractive protein targets for
drug discovery are those essential and/or restricted to the mycobacteria system. If no

significant sequence or structural homologs can be identified, coding sequences may be
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selected as being representative of novel structural or functional information. Genetic
variants between mycobacterial strains may also have possible roles in disease

pathogenesis and immunity, and are included in our local MTB target selection.

Cloning

Cloning is carried out by conventional directed cloning methods, which yielded
acceptable success rates for bacterial targets. A small collection of expression vectors
with compatible multicloning sites has been compiled so that with a one primer pair, a
variety of expression constructs can be generated for a targeted gene. The expression
vector systemsin use are all T7 based, and contain compatible or engineered
multicloning sites. The vector systems include the pET28 (Novagen) derived C-terminal
GFP fuson (Waldo et al., 1999), amodified pETBIlue (Novagen) C-termaina Hiss tagged
system, and a plVEX-MBP modified cleavable N-terminal dual tag N- Hiss-MBP-Xa
TEV-GOI construct (Roche Biosciences). All targets are ligated into a5 Ndel and a3
BamHI site. A simple software script derived from examplesin (Tisdall, 2001) parses
multi-record Fasta or GenBank format sequence files and generates sequences for PCR
primer pairs. The software examines each gene sequence in the input for internal Ndel
and BamH]I sites. Asel can be substituted for Ndel if an Ndel site exists interna to the
gene sequence, and Bglll can be substituted for BamHI. If both Ndel and Asel or BamHI
and Bglll internal sites are present, the target gene is not pursued. Less than 7% of
identified targets were lost due to such an internal restriction sequence. The 5’ primer
sequence is simply a copy of the 5" end of the coding sequence with the start codon
replaced with ATG with the 5’ end further padded with nucleotides CTCGAATTCCAT

to ensure efficient cleavage. The 3 primer sequence is ssmply a copy of the 5" end of the
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reverse complement of the encoding sequence with the complement to the stop codon
stripped and nucleotides GGAATTGGATCCT appended to the 5 end. Nucleotides are
copied from the coding sequence (or reverse complement) to the primer sequence until
Tm reaches 68°C.

With these primers, over 90% of targeted ORFs can be amplified in 96 well
format with a single amplification program (Figure 1, top). Following an effort to array
primersin 96-well format, PCR amplification, restriction digestion, PCR cleanup
(Qiagen), ligation, and transformation to a DH5a (DE3) amplification strain (Novagen)
too many parentheses??? can all be carried out by a single individual with athermocyler
and a multipipetter in one day. Transformed cells are plated in atraditional way on agar
plates with antibiotics. Colonies are screened for positive clones by colony PCR with
vector specific primers flanking the multi-cloning site (figure 1, bottom). Cloning success
rates approach 90%. Positive colonies with cloned inserts of the appropriate size are
rearrayed and cultured in 96-well format. Clone plasmids are isolated by vacuum
manifold mini-preps (Qiagen or Beckman) for archiving, sequencing, and transformation
into expression strains or for use with in vitro trandation transcription (Y okoyama,
2003). Plating and picking transformants is a significant bottleneck in cloning but an

individual researcher can process multiple picks from each of 96 platesin under a day.

Expression Screening

Clones are partitioned by an initial small scale expression screen into a 2-tier
scheme containing a promising or not promising category similar to the one used in

crystallization (Page et a., 2003). Both cell free in vitro trandation (Hino et al., 2002)
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using the Roche Rapid Trandation System (RTS) 100 E. coli High Yield (HY) system

and conventional in vivo (E. coli) expression are evaluated.

RTS 100 E. coli HY Expression

25 ul invitro trandation (1VT) reactions are carried out in 96-well format using
the RTS 100 E.coli HY Kit either with clone plasmid or with purified linear template
PCR amplified from a clone plasmid. Expressed proteins are detected either by western
blot, using an anti- His tag antibody, or by direst fluorescent labeling of the protein. For
fluorescent labeling tRNA-Lysine-BODIPY conjugate FluoroTect GreenLys (Promegg)
isadded to the IVT reaction. 96 clones are expression screened by incubating at 30 °C for
3 hours. IVT products are detected by dot blot. Following incubation, the contents of the
IVT reaction are applied to the PVDF membrane by vacuum using a Bio-Dot blotting
apparatus (Bio-Rad) and washed. The dried membrane is then imaged in a Packard
Fluorimager (Figure 2). Typically 50-60% of clones show detectable expression and
these clones will be binned in to the 'promising’ category. The remaining clones are
binned in the unfavorable category and the corresponding gene targets are recycled for
cloning and expression screening with a different construct.

The principle advantage of 1V T expression screening is the ease of parallelization.
Because there is no need to monitor cell density or to induce expression, al the
expression reactions can be treated the same and therefore arrayed in 96 well format. The
speed and ease of use are also significant advantages. One disadvantage is that the
expression yield from IV T reaction does not exactly correlate with expression yields from
E. coli expression though the correlation is quite strong for clones that have high

expression yields (Beernink et al., 2003).
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In Vivo Screening

It isnow also feasible to carry out in vivo paralel expression screening as well,
thanks to the advent of autoinduction methods (F. William Studier, Brookhaven National
Lab, personal communication). Autoinduction methods have been devel oped to control
the spontaneous induction observed with some batches of commercial complex media
(Grossman et al., 1998). Protocols have been developed for use with DE3 lysogen cell
lines in combination with expression vectors for which the T7 lac promoter controls
expression of the target gene (Studier et al., 1990). For in vivo protein expression
screening, clones are transformin E. coli BL21(DE3) (Novagen) and arrayed in 96-well
deep well plate with 250 pl of Studier ZY P-5052 defined media. The Studier media allow
growth to high densities in arotary shaker-incubator. Cells are grown to saturation and
auto-induced (F. William Studier, personal communication). Expression yield is assessed
by SDS page el ectrophoresis up to 96 at atime with the Mini-PROTEAN 3 DodecaCell
(BioRad). Approximately 80% of clones yield detectable full length expression (Figure
3). The principle advantage of in vivo expression screening is the ease and cost savings of
scale up expression. Freezer stocks of transformed cells can be used for both expression
screening and scaled expression, the correlation of yield between small scale and larger
scale cell expression yield is very strong. In addition, in a control experiment we
observed a significant overlap between IVT and cell expression (Figure 4), suggesting
larger scale expression in E. coli as a much less expensive aternative to large scale

expression in vitro.
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Protein Solubility Screening

Cell stocks that showed detectible expressionare rearrayed and grown in 2.5 ml
cell culturewith ZYP-5052 defined media and expression is autoinduced. The resulting
batch of cellsis partitioned in 5 ml aliquots for screening against 5 lysis buffers. The
buffers (0.5 M NaCl, 20 mM Tris-HCI pH 7.9, 20 mM imidazole, 50% glycerol) are used
alone or with 2% triton, 2% NP40, or 2% Tweeen20, respectively; buffer 5 is BugBuster
from Novagen. Each sample is pelleted, resuspended in lysis buffer, and sonicated. After
lysis the soluble fraction is assessed for protein yield by SDS page. Greater than 90% of
clones that yield detectable expression also have some detectible protein in the soluble
fraction for at least one of the lysis buffers. 96 clones can be screened for soluble
expression and lysis conditions in afew days by 1 or 2 persons. Clones that show

detectible yield of soluble expression are then prioritized for scaled up expression.

Scale-up Expression and Purification

Scaled expression and purification are inherently time consuming steps compared
to all preceding procedures. It is difficult to miniaturize or parallelize these steps to any
significant degree, and automation brings limited throughput gains only at a high cost.
Despite these limitations, if alarge number of clones that yield soluble expressed proteins
are pipelined, amodest sized effort can still submit a significant number of purified
proteins to crystallization trials. For scaled expression, cell stocks of transformed clones
yielding high amounts of soluble protein are cultured in 500 ml of cell culturesZY P-5052
defined media, and expression is autoinduced. Cells are treated in a standard fashion for

protein preparation except that they are resuspended in the preferred lysis buffer as
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determined in the initial solubility screening. Cells are sonicated with an EmulsiFlex-C5
homogenizer (Avestin).

All proteins of interest are purified from the soluble fraction through the same
general scheme of affinity purification followed by gel filtration. Affinity purification can
be carried out in small scale parallel batch purification to asses binding and specificity of
interaction with binding resin. Affinity tagged proteins that interact well with the affinity
resin are purified from scaled expression by batch binding to the affinity resin, followed
by gavity flow elusion or elusion on alow pressure chromatography instrument
(BioRad). Affinity purification is followed by FPLC (Pharmacia) gel filtration If the
protein is not purified to homogeneity, gel filtration may be followed by ion exchange
chromatography as well. Though gel filtration would normally be a polishing step in
purification, ion exchange at the last stages has the advantage of re-concentrating protein
while providing another step of separation If proteins of interest yield to the standard
protocols, several proteins aweek can be produced using a single FPLC instrument.

The final purified protein is exchanged into minimal buffer for crystallization
either by dialysisin the final buffer, buffer exchange in Centricon or Amicon
concentrators, or by desalting on a desalting column (Amersham). Suitable protein
concentration for crystallization is determined using a prescreening procedure whereby
the protein stock is combined with arange of concentrations for each of three
precipitating agent reagent classes (alcohol, salt, and PEG). If few or none of the
reactions shows precipitation, the protein needs to be further concentrated. Precipitation
in several but not all conditions indicates a concentration appropriate for crystallization

screening.
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Combinatorial Crystallization Screening

Crystallization screening is substantially automated and the entire process is
developed around the automated design of crystallization screens using the CRY STOOL
program (Segelke and Rupp, 1998). By considering crystal screening as a sampling
problem, we have previously demonstrated by probability theory the inherent efficiency
of CRY STOOL screening (Segelke, 2001). With CRY STOOL we are able to generate
any number of random combinations of crystallization conditions from alarge set of
stock solutions and we have interfaced CRY STOOL to an automated liquid-handling
system (Packard, MPII-HT). The detailed design of and the philosophy behind our high
throughput crystallization pipeline has been described previously (Rupp, 2003a, Rupp et

a., 2002) and are summarized below.

Cocktail Production

CRY STOOL provides automated design of novel and efficient crystallization screens by
random combination from ~90 stock reagents. The program writes runtime instructions
for the Packard Instruments MPII liquid handling robot, which produces crystallization
screens from stock reagents in 96-well format (1.5 ml BioBlocks) with a capacity of ~10
blocks/day. The MPII has many obvious advantages compared to some other liquid
handling robots. The Packard relatively fast, has eight independently actuated tipswith
variable span, and aliquid level sensing feature. The interfacing software allows
extensive run time control withfull random accessto all positions on the deck of the
robot. The positional and volume precision, however, are not adequate for dispensing sub
microliter volumes precisely, so it isimpractical to use the MPII for the drop setups in 96

well plates, particularly at less than 3 pl per drop.
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Crystallization Setup with the Hydra-Plus-One

Sitting-drop experiments are set up in 96-well Intelli-Plates® (Robbins
Enterprises) using a Hydra®-Plus-One robot co-developed with Apogent Disoveries
(Krupkaet a., 2002). The instrument was developed specifically to address persistent
difficulties experienced with the MPII regarding both positional and low volume
dispensing precision. The HydraPlusl can deliver sub microliter volumes reproducibly
and with good positional precision. The Hydra-Plus-1 has a tremendous speed advantage
aswell, compared to the MPII, by virtue of the 96 tip dispense head for a single mother-
daughter transfer of the pre-arrayed cocktails. An attached, additional single channel
Innovadyne touchless dispenser delivers protein from a 500 ml Eppendorf tube to each of
96 drops in the crystallization plate with high precision, in just over 1 minute. Speed and
precision of the Hydra-Plus-1 allows setup of reasonably low drop volumes (as low as
500nL + 500nL drops) which saves precious material.

To further miniaturize the dispensing volumes we are co-developing with
Innovadyne an affordable 96-channel contactless dispenser with an additional single
channel for rapid and precise dispensing of 100-50 nl cocktail and protein drops,
respectively. The practically achievable minimum drop size will not be determined by the
precision of thisinstrument, but rather through requirements for rapid sealing or humidity

controlled environments (Santarsiero et al., 2002).

Crystallization in the IntelliPlate

We co-devel oped the multi-purpose IntelliPlate 96-well sitting drop
crystallization plate with Art Robbins Enterprises to incorporate several features
unavailable with other SBS format crystallization plates at the time. The IntelliPlate was
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designed to hold >250ul of reservoir solution and to accommodate a large range of drop
volumes for screening and optimization. There are two positions for drop setup on the
shelf of each reservoir in the plate: a semi-spherical depression that holds up to 2.8
and a bathtub shaped depression that holds up to 8 pl. The smooth depressions provide
for convenient crystal harvesting, and prevent drops from creeping into corners and
edges, as frequently observed with square and flat-bottomed wells. The adverse optical
properties of around shape acting as alens are accounted for inthe IntelliPlate by a
matching counter lens designed in to the underside of each drop depression. Findly, the
IntelliPlate is designed with a wider rim around each reservoir and a flush edge around

the perimeter of the plate to facilitate sealing and easy stacking.

Automated Imaging and Image Analysis with CRYSFIND

The crystallization plates are viewed with a CCD imaging system at regular
intervals. Based on a conservative throughput of 10 proteins screened per day at 288
wells per protein, and a viewing schedule of 6 times through a 6- months lifetime of a
plate, we reach a very large number of experiments which need to be viewed, scored and
recorded in the crystallization database (Rupp et a., 2002). We thus devel oped an
automatic viewing station and developed and integrated crystal recognition software.
Viewing is accomplished using a basic plate handling robot fully integrated with an
image acquisition system, VersaScan, designed in collaboration with Velocity1l in Palo
Alto. The system is capable of imaging a 96-well plate in less than two minutes. The
recorded, one mega-pixel black and white well images are processed on a dual CPU
computer dedicated to crystal recognition. Our proprietary system, CRY SFIND, currently

in commercia evaluation and available as a stand-aone, customizable version, can
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accurately find crystals with a 95% success rate and classifies each crystal individualy in
term of size and overall quality. A quantitative score is desirable for automated
optimization screen design. The software was designed to address a number of commonly
encountered challenges (Jurisica et a., 2001, Luft et al., 2001, Wilson, 2002, Spraggon et
al., 2002) in crystal image recognition (Figure 5). In particular, its detection algorithm
success does not depend on the picture contrast and is insensitive to shadows. A detailed
description and evaluation of the algorithms used in CRY SFIND will be given separately
(Toppani et d., in preparation).

The CRY SFIND crystal detection software automatically generates e- mail reports
of its scores, which are then visually verified. Images and results are stored in the
crystallization data base, which is integrated with scripts to form a customizable basic
LIMS that maintains the plate viewing schedule, notifies group members of plates to be
viewed on a given day, and alerts the TB consortium members to newly discovered

crystals.

The Expensive Path to Full Integration

The ultimate goal of full automation would be a walk-away system that integrates
its components (for example, cocktail mixer, plate setup, sealer, imager, and plate storage
silo). Such systems indeed have been built, albeit at considerable cost (Hosfield et al.,
2003). We have argued that it may be sufficient and more cost effective for a smaller lab
to implement plate handling only in highly redundant steps such as supplying labware to
robots or viewing plates (Rupp, 2003a). We acquired a rather simple and affordable
robotic arm (PlateCrane, Hudson Control Group). The PlateCrane has a smple software

interface that can be accessed at arather low level, providing afair amount of versatility,
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but one needs extensive programming experience to realize the full potential of this
device. The commercia user software has now been completely replaced with a custom
interface and the PlateCrane has been integrated withthe imaging system. We are
currently evaluating a Motoman SV 3-J robot, whose multi-axis motions and capability to
run on linear track will alow developing a complete walk-away process and storage
system, again at cost a smaller lab can afford.

Automated sealing remains one of the biggest issues hampering full automation of
our plate-based crystallization setup, an issue that microbatch or microfluidic screening
avoid (D'Arcy et a., 2003, Hansen et a., 2002) - athough at the price of much more
difficult harvesting. Thermal sealers are inappropriate for sealing currently available
crystallization plates, with few options for clear thermal seals and a significant and
damaging rise in temperature we measured at the protein drop (data not shown). While
the lack of an idea instrument hampers development of walk away automation, manual
sealing is not a time consuming step. Crystallization plates and deep-well plates filled
with crystallization screens are currently sealed with adhesive seal by hand or with a

home built pneumatic pressure sealer.

Success Rates and Optimization Strategies

To date, 92 different protein constructs expressed from human and a variety of
microbial genes have been delivered to the crystallization facility from numerous
consortium labs. Crystals or crystalline clusters have been observed for 44 of the 92
proteins screened. From the 44 proteins crystallized, 5 yielded high resolution datasets
without any need for optimization with many more await diffraction screening and

optimization. A reasonable projection isthat 1/3 to 1/2 of protein targets that persist into
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crystallization trials indeed crystallize, and at least 10 to 20% of those yield diffraction
quality crystals from initial screens. Further optimization from marginal results remains a
nonttrivia task. The current strategy for optimization of the 2/3 of crystallizing proteins
that do not immediately yield diffraction quality crystals is to generate fine screens and
additive screens. This strategy often leads to better crystals but the number of
experiments required is difficult to predict. With increasing amounts of data available,
predictive optimization models are being developed to maximize the likelihood of
crystallization success (Jurisica et a., 2001, Hennessy et al., 2000, Kimber et al., 2003,
Page et al., 2003, Rupp, 2003b). During the remaining 2 years of the NIH PSI project we
expect that more than 500,000 CRY STOOL random crystallization experiments will have
been set up, and we estimate crystallization of about 400 proteins via random screening.
The records from these combinatorial screening experiments will provided a
comprehensive, densely populated, and unbiased database of the crystallization parameter
gpace. Analysis of these data will lead to custom design of more efficient screens, and

provide the basis for a sophisticated approach to optimization (Rupp, 2003b).

Diffraction Screening and Structure Determination

We have outlined the procedures and described some robotics used in our process
in previous publications (Rupp et a., 2002, Rupp, 2003a). As arule, we harvest and cryo-
mount every viable crystal on a standard Hampton pin, and store the crystals in a storage
and mounting system developed at beam line 5.0.3. of the ALS (Snell et al., 2002). The
methods we generally use for high throughput protein crystallography have been
reviewed (Heinemann et al., 2001, Lamzin and Perrakis, 2000, Goodwill et a., 2001),

and we have developed our own protocols for automated molecular replacement solution
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(Kantardjieff et a., 2002, Rupp, 2003a). At the throughput we (and most other Structural
Genomics labs) are currently achieving, structure solution is not a rate limiting step. Most
of our recent synchrotron time has been via public beam line applications, and to
optimize screening throughput we only work at robotics equipped beam lines (ALS 5.0.2,

5.0.3).

Instrumentation

The design philosophy at the TBSGX facility has been to develop modular and
affordable robotics. We set a price limit of US$50-100k for each component in our
modular process pipeline. We have also argued that full automation of all steps may not
be necessary, and a process review should be conducted (Rupp, 2003a, Hillier and
Lieberman, 2000). For example, it may be sufficient and more cost effective for a smaller
lab to implement plate handling only in limited, highly repetitive operations such plate
imaging, or paralel PCR and expression screening setup.

We suggest the following minimum instrumentation required to carry out
structural genomics on a laboratory scale beyond what would be found in atypical
molecular biology and protein biochemistry lab: a Hydra (Apogent), or other
multichannel pipetting system for parallel reagent transfers and rearraying; a Hydra-Plus-
1 (Apogent) or equivalent for setup of crystallization plates (Krupkaet al., 2002, Luft et
al., 2003); and an automated crystallization plate imaging system (Velocity11VersaScan
or equivalent). In addition, a versatile liquid handling system, like the Packard MPII
(PerkinElmer) enables amuch greater level of automation for many tedious and error
prone procedures such as the mixing of custom crystallization screens or automated PCR

setup. Currently only fixed premixed sparse matrix (Jancarik and Kim, 1991) or grid
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screens (M cPherson, 1982) can be purchased in 96-well format (Hampton Research).
With the suggested instrumentation in place, the remaining most tedious and difficult to
parallelize procedures are colony picking and protein purification other than affinity
capture. There are a number of instruments available for automated colony picking but
paralel or fully automated high throughput purification requires a considerable
investment.

Data management for structural genomics at a laboratory scale is a nonttrivid
issue. There is considerable informational entropy buildup from failures, uncaptured data,
inaccessibility of data, unsuitable spreadsheet formats, and the sheer quantity of data and
different and partly remote data entry points. A few LIMS systems for crystallographic
structure determination are publicly available (Haebel et a., 2001, Harris and Jones,
2002) and arather extensive LIMS system is currently built for the TB Structural
Genomics Consortium at UCLA (M.Parag, T.Holton, D. Pal et al., personal

communication).

Conclusion

The pursuit of structural genomics on alaboratory scale (5 full time persons)
appears viable, given a broad skill mixture (and cross-training) of personnel, and a
modest but well-placed investment in robotics. While there is a significant cost to
develop full walk-away automation solution, strategic investment in a few capital
purchases can greatly enhance the capacity of a modest size structural genomics effort.
The key differences in the structural genomics approach compared to traditional
structural biology are parall€lization, screening and decision making at intermediate

steps, miniaturization, and an actuarial view that one can anticipate, plan for, and accept
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losses. In a consortium organization, a great diversity of approaches can be pursued, each
on amodest scale, and the collective experience captured at a central database. Thisin

turn would lead to further advancements as methods could be more rigorously compared.
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Table 1: Throughput estimates for atypical small scale structural genomics project, as implemented at the TB structural genomics
Crystallization Facility.

Process step Throughput Currently used instruments
estimate(target/person/day)

PCR amplification 100's 96-well pcr engine, 96-well vacuum manifold pcr cleanup

Digestion/ligation 100's 96-well pcr engine

Transformation/Colony picking 100's Mini-prep 96-well vacuum manifold miniprep’

In vitro expression screening 100's None

In vivo expression screening 96 Multi-gel box

Affinity binding assay 100's RoboPop (Novagen) =

Solubility screening 10's Multi- gel box

Scale up expression 1-5 Floor shaker

Large scale purification 1-2 FPLC ™

Crystallization screening 10's Hydrat+1 (Apogert)

* Investment in a colony picker greatly reduces tedium and errors and would increase throughput
** Not required, could be done by batch binding in combination with plate centrifugation

*** Could be done with gravity affinity chromatography and other instruments
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Figure 1: Ethidium bromide stained agarose gels. Top Panel: 96-well PCR amplification
of bacterial genes using automatically design PCR primers. More than 90 % of the
targeted genes did amplify. Bottom Panel: Positive clones identified by colony PCR with

vector specific primers flanking the multi-cloning site.
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Figure 2: His-tag antibody Western plot of total in vitro expressed set of 96 C-terminally
tagged Yersinia pestisclones. Full length expression is detected for 50-60% of the clones.
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Figure 3: Auto-induced protein expression screening. Transformed cloned are expressed
by auto-induction (Studier, unpublished) in 250 pl cultures and assayed for expression

yield and protein size by SDS page. Approximately 80% of clones have detectible

expression.
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Figure 4:Invitro vs. in vivo expression screening. A subset of 18 clones was screened
for expression both in vivo and in vitro for comparison. For clones with high expression
yield, expression was detected in both systems. Combining both approaches, all but one

clone gave detectible expression.
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Figure5: TB Protein Crystals. Pairs of original images (left column) and images

containing extracted crystal features (right column). The CRY SFIND software is capable
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of detecting both very small and big crystals even in shadows and low-contrast conditions
with default settings. Top row: A human user might miss a “ghostly” crystal such as at
the bottom left of the well, but the software succeeds in finding both edges, and grouping
them as one big crystal. Middle row: The absence of features detected in the high
contrast, heavy precipitate, demonstrates that alow percentage of false positives are
expected. Bottom: even for small and irregular crystals, the extracted features are clear

and allow reliable automated crystal scoring.

Laboratory Scale Structural Genomics Page 33 of 33



